Introduction {#Sec1}
============

Avian infectious bronchitis (IB) is a disease that affects fowl of all ages. It is caused by infectious bronchitis virus (IBV), a member of the family *Coronaviridae* \[[@CR7], [@CR22]\].

The genetic instability of IBV has been observed through the emergence of antigenic and genetic variants over the course of its evolution, and the alterations are mainly associated with the glycoprotein S1, which has important biological properties, including definition of cell tropism and determination of the serotype, and it is responsible for the induction of neutralizing antibodies \[[@CR17]\].

In addition to replicating in tissues and causing prominent lesions in the respiratory tract, the genetic variability of IBV may have favored differences in the tropism and pathogenicity of many other types of epithelial cells, such as those of the kidneys \[[@CR14], [@CR36]\], oviduct and testes \[[@CR37]\], and gastrointestinal tract \[[@CR6]\], and it is associated with lesions on the pectoral musculature \[[@CR2], [@CR19]\]. Therefore, the importance of IB lies in the economic losses, as the infection often causes respiratory disease in broiler chickens, decreasing weight gain, increasing mortality and the rejection of slaughter carcasses, and increasing the susceptibility of the chickens to opportunistic bacterial infections \[[@CR32]\]. In laying and breeding hens, the infection has been associated with a decrease in production, a worse internal and external quality of the eggs, and a reduction in the hatchability rate \[[@CR41]\].

The difficulty in controlling IB is a result of the multiple unpredictable IBV variants that emerge or are introduced on poultry farms. Due to the emergence of new genotypes, pathotypes, and serotypes, IB has not yet been satisfactorily controlled and stands out as one of the most important health problems related to the reduction in the productive capacity of chickens and consequent economic losses in the poultry industry \[[@CR20]--[@CR22]\].

A characteristic of RNA viruses is their ability to adapt quickly to the host through genetic changes during their replication. As such, coronaviruses, including IBV, have been proven to exist as a mixture of genetically distinct strains, which results in a heterogeneous population of viruses transcribed from a single progenitor genome \[[@CR22]\]. The mechanisms that regulate the evolution of IBV include mutation, recombination, and selection in the host \[[@CR34], [@CR45]\]. Additionally, studies have shown that the evolutionary mechanisms for the emergence of viral variants are also present in commercial live vaccines against IBV \[[@CR16], [@CR34], [@CR39], [@CR45]\].

In this study, we amplified and sequenced fragments of the IBV S1 gene taken from tissue samples from different chicken organs naturally affected by the virus. These sequences were compared with those of other IBV strains available in the GenBank database and analyzed with respect to their polymorphisms. Our objectives were (1) to assess the presence and distribution of IBV strains in different organs of chicks and hens with the clinical disease and (2) to assess the presence of viral RNA in the reproductive system and describe the evidence of vertical transmission in a natural infection.

Materials and methods {#Sec2}
=====================

Sample collection {#Sec3}
-----------------

At the start of 2013, 18-day-old chicks belonging to a single batch of 36,000 breeding hens, located in the state of Minas Gerais, Brazil, presented clinical signs such as sneezing, polyuria, and 12 % mortality. The chicks were vaccinated by spray at 2 days of age with IBV Nobilis® IB Ma5 (MSD, Animal health). The Ma5 vaccine is produced from of a biological clone a nonpathogenic IBV strain, which is replicated in the tissues of SPF chicken embryos and marketed as a live vaccine. Samples of the trachea, lungs, kidneys, small intestine, and bursa of Fabricius of 10 chicks were obtained in the form of a pool of each organ from the batch.

At the end of the production cycle of this batch (52 weeks -- 364 days of age), five hens were sacrificed to collect their kidneys, small intestine, cecal tonsils, and oviducts in the form of a pool to form a set for each organ. In addition, 10 embryonated eggs of this batch (18 days of incubation) were chilled to 4 °C for 24 h, and the chorioallantoic fluid was collected from each embryo to form a pool for the detection and identification of IBV. The samples were collected following the criteria and results established by Cook \[[@CR12]\], Lucio and Fabricant \[[@CR31]\], and Naqi et al. \[[@CR38]\].

RNA extraction {#Sec4}
--------------

In order to obtain viral RNA from the organs, a small portion of each tissue was collected. RNA extraction was performed using TRIzol® Reagent (Invitrogen™) according to the recommendations of the manufacturer. The RNA was suspended in 50 µl of UltraPure™ DEPC-treated water (Invitrogen™), analyzed and quantified by the fluorescence method using a NanoDrop Lite spectrophotometer (Thermo Scientific), and immediately used in the reverse transcription reaction.

cDNA synthesis {#Sec5}
--------------

The IBV RNA was retrotranscribed to cDNA in a Veriti® thermal cycler (Applied Biosystems). The final volume of the reaction mixture was 20 μL, containing 700 ng of total RNA, 50 µM of the oligonucleotide S1OLIGO3' \[[@CR27]\], and the enzyme SuperScript® III Reverse Transcriptase (Invitrogen™), following the manufacturer's recommendations.

Nested RT-PCR {#Sec6}
-------------

The amplification was performed in two consecutive reactions in a Veriti® thermal cycler (Applied Biosystems). In the first reaction, the RT-PCR was performed with 25 µL of Go Taq® Green Master Mix (Promega), 5 µL of cDNA, 50 µM of each S1OLIGO5' and S1OLIGO3' oligonucleotide \[[@CR27]\] and nuclease-free water (Promega) in a final volume of 50 µL. The amplification conditions consisted of one cycle at 94 °C for one minute, followed by 35 cycles (94 °C for 30 s, 50 °C for 45 s, and 72 °C for 2 min) and a final extension at 72 °C for 10 min. The second PCR consisted of 25 µL of Go Taq® Green Master Mix (Promega), 2 µL of amplified DNA, 50 µM of each CK2 and CK4 oligonucleotide \[[@CR24]\], and nuclease-free water (Promega) in a final volume of 50 µL. The amplification was carried out for one cycle at 94 °C for one minute, followed by 40 cycles (94 °C for 30 s, 50 °C for 45 s and 72 °C for 1 min) and a final step of 72 °C for 5 min. The PCR products separated by electrophoresis in a 1.5 % agarose gel together with a 100-bp DNA Ladder (Invitrogen™), stained with GelRed™ (Biotium) and viewed with the aid of a UV transilluminator. The amplification of the genomic target segment of IBV was performed in triplicate for each sample in the same run, and the products were sequenced separately.

Sequencing and analysis of the S1 gene sequence {#Sec7}
-----------------------------------------------

The PCR products were sequenced by Macrogen Inc. (Seoul, Korea) and the contigs of the nucleotide sequences of the S1 gene were assembled using CLC Genomics Workbench version 7.5 (CLCbio). The partial sequences of the S1 gene were submitted to GenBank (<http://www.ncbi.nlm.nih.gov/Genbank>), as shown in Table [1](#Tab1){ref-type="table"}.Table 1Information on Brazilian samples of infectious bronchitis virus (IBV) identified in two life periods of naturally infected chickensStrainIsolation sourceIsolation yearAccession numberMa5 commercial vaccine-2013KU736747UFV_bursa_fabricius/BR/13Chicks at 18 days2013KU736752UFV_intestine/BR/13Chicks at 18 days2013KU736753UFV_intestine_chicken/BR/14Hens at 364 days2014KU736754UFV_kidney/BR/13Chicks at 18 days2013KU736755UFV_kidney_chicken/BR/14Hens at 364 days2014KU736756UFV_embryonated_eggs/BR/14Chorioallantoic fluid2014KU736758UFV_lung/BR/13Chicks at 18 days2013KU736759UFV_oviduct_chicken/BR/14Hens at 364 days2014KU736760UFV_trachea/BR/13Chicks at 18 days2013KU736761UFV_cecal_tonsils_chicken/BR/14Hens at 364 days2014KU736762

BLAST software (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>) was used to verify the identity of the sequences obtained in this study, using homologous sequences of IBV. After alignment of the sequences, an analysis was carried out of the polymorphisms found in the sequences using the MEGA application, version 6.0 \[[@CR42]\].

A recent article has proposed a systematic IBV genotyping method in which a standard database of S1 nucleotide sequences is used to distinguish IBV strains \[[@CR46]\]. Following this method, a database of the S1 gene was created that included the six partial sequences obtained in this study together with 14 sequences of previously described Brazilian isolates (BR-I and BR-II) and the 199 sequences described by Valastro et al. \[[@CR46]\], as shown in a table in Online Resource 1. The 219 nucleotide sequences were aligned using the CLUSTALW algorithm. Phylogenetic analysis was performed using MEGA version 6 \[[@CR42]\]. The sequences were grouped by the neighbor-joining distance method and Kimura's two-parameter substitution model. The statistical support for the phylogenetic tree was calculated using 10,000 bootstrap replicates.

Results {#Sec8}
=======

Analysis of partial S1 sequences of IBV isolates obtained from chick samples {#Sec9}
----------------------------------------------------------------------------

Samples that were positive for the S1 gene of IBV yielded a fragment of approximately 600 bp in nested RT-PCR. The nucleotide sequences of the S1 gene obtained in this study were identified directly from samples of 18-day-old chicks that showed clinical signs of IB and were compared with the sequence of the Ma5 vaccine (Table [2](#Tab2){ref-type="table"}).Table 2Polymorphism analysis of the partial S1 sequences from samples of chicks affected by the disease in relation to the sequence of the Ma5 vaccine. The polymorphisms are highlighted in bold and underlinedNucleotide position sample147162206218301353389536537614669696699702705708Ma5^a^TTTGTGCCGGGGTTTCKU736761^b^TTTGTGCCGGGGTTTCKU736753^c^TTTGTGCCGGGGTTTCKU736759^d^TTTGTGCCGGGGTTTCKU736752^e^TTTGT**[A]{.ul}**C**[A]{.ul}[C]{.ul}**GG**[A]{.ul}[C]{.ul}[C]{.ul}[C]{.ul}[A]{.ul}**KU736755^f^**[A]{.ul}[C]{.ul}[C]{.ul}[A]{.ul}[C]{.ul}**G**[T]{.ul}[A]{.ul}**G**[A]{.ul}[A]{.ul}[A]{.ul}[C]{.ul}[C]{.ul}[C]{.ul}[A]{.ul}**^a^Ma5 vaccine (KU736747)^b^Trachea^c^Intestine^d^Lung^e^Cloacal bursa^f^Kidney

The IBV samples identified in the trachea (KU736761), lung (KU736759), and small intestine (KU736753) showed 100 % identity to the Ma5 vaccine. However, in the bursa of Fabricius samples (KU736752), changes were observed in eight positions: G353A, C536A, G537C, G696A, T699C, T702C, T705C, and C708A. In the kidney samples (KU736755), the greatest variation was observed, totaling 14 changes: T147A, T162C, T206C, G218A, T301C, C389T, C536A, G614A, G669A, G696A, T699C, T702C, T705C, and C708A.

The similarity between the amino acids of the S1 protein of the chick samples was assessed between amino acids 29 and 218 of the pathogenic strain Mass 41 and the vaccine strain Ma5 (Table [3](#Tab3){ref-type="table"}). Amino acid substitutions were observed in the bursa of Fabricius (KU736752) and kidney (KU736755) samples. In the sequence of the bursa of Fabricius sample, amino acid substitutions G100D and A161D were observed in relation to Ma5, and the changed amino acid at position 100 (D) was equivalent to the amino acid found in the pathogenic M41 strain. In the sequence of the kidney sample, amino acid substitutions I51T, G55D, Y83H, S112F, A161E, and R187K were observed in relation to MA5, and the changed amino acids at positions 51(T), 83 (H), 112 (F), 161 (E), and 187 (K) were identical to the amino acids of the pathogenic M41 strain. A substitution in the kidney sample was observed in hypervariable region 1 of the S1 gene (G55D).Table 3Analysis of partial sequences of amino acids of the S1 gene from samples of chicks in relation to the Ma5 vaccine and the pathogenic strain Mass 41 (M21883). Amino acids that differ from those of the Ma5 vaccine are highlighted in bold. Amino acids that differ from those of Ma5 but are identical to those of the M41 strain are highlighted in bold and underlined. The locations of the two hypervariable regions follow the criteria defined by Kusters et al. \[[@CR26]\]^a^Pathogenic strain Mass 41 (M21883)^b^Ma5 vaccine (KU736747)^c^Trachea^d^Intestine^e^Lung^f^Cloacal bursa^g^Kidney

Analysis of a partial S1 sequence of IBV obtained from hen and embryo tissue samples {#Sec10}
------------------------------------------------------------------------------------

An S1 segment of IBV was amplified directly from the small intestine (KU736754), kidneys (KU736756), cecal tonsils (KU736762), and oviduct (KU736760) of hens and also from the chorioallantoic fluid of viable embryos after 18 days of incubation. The partial S1 sequences of IBV obtained from the intestine, kidneys, and oviduct of hens and from the chorioallantoic fluid of embryos were aligned with those of the Ma5 vaccine, and 100 % nucleotide sequence identity was observed.

In the cecal tonsils (KU736762), however, an IBV variant was detected that displayed significant genetic variation in relation to Ma5, as revealed by a total of 26.9 % of sites with polymorphisms along the entire sequence. In addition, amino acid insertions were observed in two distinct positions of the S1 gene, between codons 120 and 121 (KV) and between codons 143 and 147 (TGPSG), based on the amino acid sequence of the Ma5 strain (Table [4](#Tab4){ref-type="table"}).Table 4Analysis of partial sequences of amino acids of the S1 gene from hen and embryo samples. The amino acid sequence is based on the reference Ma5 strain (KU736747). The amino acid inserts in the S1 sequence of the IBV variants in the cecal tonsils (KU736762) are highlighted in boldStrainCodons 120-121Codons 140-150Ma5^a^\-\--NGQ\-\-\-\--LFYKU736754^b^\-\--NGQ\-\-\-\--LFYKU736756^c^\-\--NGQ\-\-\-\--LFYKU736760^d^\-\--NGQ\-\-\-\--LFYKU736758^e^\-\--NGQ\-\-\-\--LFYKU736762^f^**KV**QGN**TGPSG**LFY^a^MA5 vaccine (KU736747)^b^Intestine^c^Kidney^d^Oviduct^e^Chorioallantoic fluid of embryonated eggs after 18 days of incubation^f^Cecal tonsils

Phylogenetic analysis {#Sec11}
---------------------

In order to construct a phylogenetic tree, the S1 IBV sequences were obtained directly from the clinical samples of the chicks (lung, KU736759; kidneys, KU736755; small intestine, KU736753; bursa of Fabricius, KU736752) and from the cecal tonsils of the hens at the end of the production cycle (KU736762), as well as from the Ma5 vaccine (KU736747), some previously described Brazilian isolates, and 199 reference strains (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Phylogenetic analysis of 219 S1 sequences of IBV. The neighbor-joining phylogenetic tree shows the genetic relationship between the IBV strains identified directly from the clinical samples of the chicks (lung, KU736759; kidneys, KU736755; small intestine, KU736753; bursa of Fabricius, KU736752), from the cecal tonsils of the hens at the end of the production cycle (KU736762), and from the Ma5 vaccine (KU736747), some previously described Brazilian strains, and 199 reference strains. The numbers beside the nodes correspond to bootstrap values

As can be seen in the phylogenetic tree (Fig. [1](#Fig1){ref-type="fig"}), the viruses identified directly from the clinical samples of the chicks showed high similarity in the partial S1 sequence to the Ma5 vaccine and were therefore grouped with the GI-1 genotype (Massachusetts genotype) based on the method suggested by Valastro et al. \[[@CR46]\]. The virus isolated from the cecal tonsils, on the other hand, showed a high degree of variation in the partial S1 sequence in comparison with the Ma5 vaccine, diverging from the Mass genotype, and it was therefore grouped with other strains that were previously characterized as belonging to the Brazilian variant genotype (GI-11).

Discussion {#Sec12}
==========

In this study, we analyzed the genetic diversity of IBV at the field level in a batch of breeding hens that had been vaccinated with the Ma5 vaccine and naturally affected by IB in early life. Furthermore, the molecular dynamics and the vertical transmission of IBV in the same batch of hens at the end of the production cycle were investigated. IBV was identified in different tissues, including the bursa of Fabricius, kidney, trachea, lung, and small intestine from the chick samples. IBV variants identified in the kidney and bursa of Fabricius in the chick samples were not detected in hens, but another IBV variant was identified in the cecal tonsils. In addition, vertical transmission could be observed through the identification of IBV in the chorioallantoic fluid of live embryonated eggs.

It was demonstrated that chicks vaccinated at one day of age did not have enough protection compared with chicks vaccinated at 14 days of age \[[@CR44]\]. Another study has pointed out that an efficient immune response with the use of specific IBV vaccines in the field limits viral replication and restricts the generation of genetically distinct strains in the same host \[[@CR35]\]. Although the chicks examined in this study were vaccinated, early immunization seems to be influenced by maternal antibodies, resulting in a failure of the Ma5 vaccine to provide protection, and consequently, additional opportunities for the generation of genetic viral diversity in the infected chickens.

In this study, we observed that the partial S1 sequences of IBV obtained from the bursa of Fabricius and kidneys of clinical samples exhibited genetic differences in relation to the Ma5 vaccine (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}). Additionally, the S1 sequence associated with the kidney sample had a higher degree of variation than the virus identified in the bursa of Fabricius. In agreement with the literature \[[@CR3], [@CR4], [@CR36]\], we suggest that the disease affecting the chicks at the 18th day of life was caused primarily by a nephropathogenic strain (KU736755).

Differences in tissue tropism and thus in the pathogenicity of IBV strains have been hypothesized to be associated with differences in their spike (S) proteins \[[@CR5], [@CR48]\]. We suggest that the amino acid sites 51, 83, 112, 161, and 187 of the S1 protein are involved in the pathogenicity of IBV strains, because changes in these amino acids detected in the nephropathogenic strain (KU736755) are identical to the amino acids found in the pathogenic strain M41.

It has been shown that the strains M41 and Beaudette-US use sialic acid for adsorption \[[@CR49]\], and infection of the tracheal epithelium is dependent on sialic acid \[[@CR50]\]. Recently, the receptor-binding domain of the IBV M41 strain was mapped to residues 16--69 in the S1 protein \[[@CR40]\]. Our analysis of partial sequences of amino acids of the S1 gene showed that changes in the amino acids of the strains obtained from the kidneys were located at residues 51, 55, 83, 113, 161, and 187. The receptor-binding domain of the IBV (aa. 16-69) includes the 51-55 region identified in this study. These results suggest that the changes found in this region can be correlated with the pathogenicity of the nephropathogenic strain (KU736755).

While the ability to bind to susceptible host cells is the first step in viral infection, the host innate immune response is also a major contributing factor to the pathological outcome of IBV infection \[[@CR9]\]. The relationship between mutations, tropism and pathogenicity are complex and involve both genetic characteristics of IBV and the innate immune response mounted by the host.

In the samples of small intestine, kidneys and oviduct from the hens of this batch that reached the end of production (52 weeks of age), segments of S1 with 100 % identity to those of the Ma5 vaccine were identified. However, IBV field strains identified in the kidney and bursa of Fabricius in the chick samples were not detected in hens at the end of the production cycle. This fact suggests that the elimination of these strains is associated with multiple factors inherent in the host that are responsible for the natural selection process, such as the adaptive immune response acquired after vaccination of the batch \[[@CR43]\].

Studies have shown the persistence of IBV strains at the experimental level \[[@CR1], [@CR10], [@CR11], [@CR13], [@CR38]\]. We detected S1 segments with 100 % identity to the Ma5 vaccine in the small intestine, kidneys, and oviduct of hens at the end of the production cycle. This result suggests that the S1 fragments detected in the hens are evidence of persistence of the Ma5 vaccine.

The phenomenon of persistence of IBV strains, including vaccine strains, may have an impact on the generation of genetic diversity due to the high frequency of RNA recombination in coronaviruses \[[@CR23]\]. Sequencing of many field strains has provided convincing evidence that many, possibly all, IBV strains are recombinants between different field strains \[[@CR7], [@CR18], [@CR25], [@CR30]\] as well as between field strains and strains used in live vaccines \[[@CR28], [@CR29]\].

An IBV strain was also identified in the cecal tonsils. The virus identified in the cecal tonsils exhibited considerable variation in the partial S1 sequence in relation to the Ma5 vaccine and other strains detected in the chicks. Due to the genetic variation displayed by this virus, it was grouped in the phylogenetic tree with the previously described genotype BR-I \[[@CR8], [@CR15], [@CR47]\] or GI-11 \[[@CR46]\]. Brazilian IBV variants are usually identified in the cecal tonsil and have already been grouped into the two genotypes BR-I and BR-II \[[@CR8], [@CR15], [@CR47]\].

Consistent with the findings of this work, the vertical transmission of IBV in hens has been reported in an outbreak of IB. On the experimental level, IBV has been identified in the eggs of challenged hens, as well as in one-day-old chicks \[[@CR12], [@CR33]\]. In this work, the detection of the S1 segment in the oviduct and viable embryos with 100 % identity to that of the Ma5 vaccine possibly reflects the vertical transmission and the nonpathogenic nature of the vaccinal virus. On the other hand, we cannot exclude the possibility of vertical transmission of the virus variant identified in the cecal tonsils to the embryonated egg.

The distribution of genetically distinct strains in different tissues demonstrates the potential for genetic variation that an IBV infection may cause in naturally infected chickens. In addition, vertical transmission is an important factor in the control of IB, but this phenomenon seems to have been neglected. These findings prove to be relevant because they provide information about the genetic diversity of IBV in a natural infection that can be applied to immunoprophylaxis programs.
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